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Abstract
We present evidence that an increase in investment as a share of GDP predicts a higher
growth rate of output per worker, not only temporarily, but also in the steady state. These
results are found using pooled annual data for a large panel of countries, using pooled
data for non-overlapping ﬁve-year periods, or allowing for heterogeneity across countries in
regression coeﬃcients. They are robust to model speciﬁcations and estimation methods.
The evidence that investment has a long-run eﬀect on growth rates is consistent with the
main implication of certain endogenous growth models, such as the AK model.
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An inﬂuential view has emerged which suggests that investment in physical capital is relatively
unimportant in explaining economic growth. This is perhaps epitomized in the title of Easterly
and Levine’s (2001) review of the recent empirical literature: “it’s not factor accumulation”.
More precisely, they conclude that “the data do not provide strong support for the contention
that factor accumulation ignites faster growth in output per worker”.1
Our analysis of annual data for some 98 countries in the period 1960-98 points to a quite
diﬀerent conclusion. Not only do we ﬁnd that a higher share of investment in GDP predicts
ah i g h e rlevel of output per worker in the steady state, we also ﬁnd that an increase in the
share of investment predicts a higher growth rate of output per worker, both in the short run
and, more importantly, in the steady state. The long-run eﬀect on growth rates is quantita-
tively substantial, as well as statistically signiﬁcant. This evidence is consistent with the main
implication of certain endogenous growth models, such as the AK model.
One key to our analysis is that our empirical models allow the long-run growth rate in
each country to depend on the share of output that is invested. Other important factors
are that we analyze time series data for a large sample of countries, and we allow for some
estimation issues that may have been neglected in earlier studies. We do not conclude that
only investment matters. Indeed, we stress the importance of heterogeneity across countries,
that may well reﬂect diﬀerences in economic policies and institutions. We do however regard
the suggestion that capital accumulation plays only a minor role in economic growth to be, at
best, premature.
This issue is of such fundamental importance that it has naturally received considerable
attention in previous research. Unlike much of the literature focused on issues of convergence,
1The role of capital accumulation is similarly downplayed in Easterly (2001). Econometric support is provided
by Blomstrom, Lipsey and Zejan (1996) and Jones (1995).
1we estimate speciﬁcations in which higher investment is allowed to have a permanent eﬀect
on the growth rate, and not only a temporary eﬀect during the transition to a new steady
state growth path. Unlike some of the previous studies that have considered Granger-causality
between investment and growth, we allow for the fact that an empirical model of the growth
rate is unlikely to have a serially uncorrelated error process. Since the growth rate is the
change in the log of output per worker, any transient shocks to the (log) level of output per
worker will introduce a moving average error component when we model the growth rate.2
Importantly, we also allow for unobserved country-speciﬁc factors that could result in both
high levels of investment and high rates of growth, and for the likely endogeneity of the current
investment share. Our preferred results allow for heterogeneity across countries in all regression
coeﬃcients, following the approach of Pesaran and Smith (1995) and Lee, Pesaran and Smith
(1997). However our main results on the role of capital investment are also found when we pool
annual data for all countries, or indeed when we consider a panel based on ﬁve-year periods,
as suggested by Islam (1995) and Caselli, Esquivel and Lefort (1996).
Section 2 provides a brief review of previous related research, highlighting some restrictive
features of earlier speciﬁcations that will be relaxed in the models we estimate. Section 3
outlines our speciﬁcations, which allow investment to aﬀect both the level and the growth
rate of output per worker in the steady state, while allowing also for business cycle dynamics.
Section 4 describes our data set and the time series properties of the main variables we use.
Section 5 presents the results for panel speciﬁcations, in which the data for all countries is
pooled. Section 6 presents the results based on individual time series models for each country.
Section 7 concludes.
2Such serial correlation would be absent only if all shocks to the (log) level of the process are of a random
walk nature, so that their ﬁrst-diﬀerences are innovations.
22 Related Literature
An important branch of the recent empirical literature on economic growth estimates speciﬁ-
cations based on variants of the (augmented) Solow model, in which the long-run growth rate
of output per worker is determined by technical progress, which is taken to be exogenous. The
standard model used to evaluate this framework and to study the issue of (beta) convergence is
derived from the transition dynamics to the steady state growth path, as suggested by Mankiw,
Romer and Weil (1992). These models relate growth to investment, but condition on the initial
level of output per worker. As a result, consistent with the underlying Solow framework, they
do not allow investment to inﬂuence the steady state growth rate.
At y p i c a ls p e c i ﬁcation has the form
∆yit =( α − 1)yi,t−1 + βxit + γt+ ηi + εit (1)
where yit denotes the logarithm of output per worker in country i at time t, ∆yit is the growth
rate of output per worker between time t-1 and t, and xit denotes the logarithm of the share of
investment in output. Additional explanatory variables related to population growth, human
capital or other factors may be included, but they do not change the essence of the points we
make here. The time trend allows for a common rate of steady state growth, and the country-
speciﬁc intercept (or ‘ﬁxed eﬀect’, ηi) allows for variation across countries in initial conditions,
or other unobserved factors that aﬀect the level of the country’s steady state growth path. The
residual reﬂects the inﬂuence of shocks that aﬀect the (log) level of output per worker.
Cross-section studies generally focus on average growth rates measured over long periods
of time, and relate these to average investment shares measured over the same period. Panel
studies use repeated observations over shorter time periods, commonly ﬁve-year averages. In
cross-section applications, the intercept cannot be allowed to be speciﬁc to individual countries,
and the coeﬃcient on the trend is not identiﬁed. In panel applications it is possible to allow for
3heterogeneous intercepts, and the coeﬃcient on the trend is separately identiﬁed. The inclusion
of time dummies rather than a simple linear trend allows for a more general evolution of total
factor productivity (TFP), but still restricts TFP growth to be common across countries and
independent of investment.
To clarify these points, we ﬁrst rewrite equation (1) in autoregressive-distributed lag form
as
yit = αyi,t−1 + βxit + γt+ ηi + εit. (2)
This is a dynamic model for the level of yit,p r o v i d e dα 6=1 . If we consider a steady state in
which the share of investment takes the constant value xit = xi and output per worker grows















This conﬁr m st h a tt h es t e a d ys t a t eg r o w t hr a t ei m p l i e db yt h i sm o d e l ,g = γ/(1−α), is indeed
common to all countries, and does not depend on the level of investment. A permanent increase
in investment predicts a higher level of output per worker along the steady state growth path,
but aﬀects growth only during the transition to the new steady state.
Both cross-section and panel studies have reported evidence that the coeﬃcient β on
measures of investment in this type of speciﬁcation is positive and signiﬁcantly diﬀerent from
zero. Examples of the former include Mankiw, Romer and Weil (1992), Levine and Renelt
(1992) and Barro and Sala-I-Martin (1995); examples of the latter include Caselli, Esquivel
and Lefort (1996) and Bond, Hoeﬄer and Temple (1999).3 This suggests that investment
aﬀects the level of output per worker in the steady state, but does not address the question
of whether investment aﬀects the growth rate of output per worker in the long run. This is
3See also De Long and Summers (1991, 1993), who emphasise the role played by equipment investment; and
Beaudry, Collard and Green (2002), who suggest that the eﬀect of investment has become larger in more recent
periods.
4not surprising, given that these speciﬁcations are derived from the (augmented) Solow growth
model in which the steady state growth rate is taken to be exogenous.
Ad i ﬀerent branch of the empirical growth literature has focused on testing the (extended)
AK model, and on Granger-causality between investment and growth rates. If we take ﬁrst-
diﬀerences of equation (2) and introduce a lagged level of investment term as an additional
explanatory variable, we obtain
∆yit = α∆yi,t−1 + β∆xit + θxi,t−1 + γ + ∆εit. (4)
This is indeed a dynamic model for the growth rate of yit,a n dt h ec o e ﬃcient θ on the lagged
level of investment tests whether a higher level of investment predicts a faster growth rate in
the long run. If we now consider a steady state in which the share of investment takes the










This conﬁrms that the steady state growth rates implied by this model are heterogeneous, and
depend positively on the share of investment in output, if θ>0.T h e c o e ﬃcient β on the
change in investment again indicates whether investment aﬀects the (log) level of output per
worker along the steady state growth path.
Both time series and panel studies have typically reported estimates of θ that are insignif-
icantly diﬀerent from zero in this type of model, suggesting that investment does not Granger-
cause growth.4 For example, Jones (1995) ﬁnds no eﬀect of investment on the long-run growth
rate, using annual data for individual OECD countries in the post-war period. Similarly Blom-
strom, Lipsey and Zejan (1996), using pooled data for non-overlapping ﬁve-year periods and a
4Most speciﬁcations in the Granger-causality literature would replace the current change ∆xit in (4) with
lagged diﬀerences of the share of investment in output, but this distinction is inessential for the main points we
emphasise here.
5large sample of developed and less developed countries, ﬁnd that investment does not Granger-
cause growth, while growth does Granger-cause investment.5 W h i l et h e r ea r es o m ee x c e p t i o n s
in the more recent literature, such as Li (2002), this econometric support for the view that
higher investment does not predict faster growth appears to have been inﬂuential.6
Our derivation of this dynamic model for the growth rate suggests a potentially important
problem with the least squares estimation procedures that have typically been used to obtain
these results. Suppose that the shocks εit to the (log) level of output per worker, introduced
in equation (1), are serially uncorrelated. The error term ∆εit in the growth equation (4) will
then be serially correlated. Moreover this model includes the lagged growth rate ∆yi,t−1 as an
explanatory variable. This lagged dependent variable will then necessarily be correlated with
the lagged shock εi,t−1 that appears in ∆εit, rendering Ordinary Least Squares estimates (or
Within estimates) of the parameters of interest biased and inconsistent. The bias in the least
squares estimate of α will typically be downwards, so this approach will underestimate the
degree of persistence in growth rates.7 The bias in the estimates of β and θ is harder to sign a
priori, but may be suﬃciently serious to warrant further investigation. Similar biases will be
present if the shocks εit contain a serially uncorrelated or indeed any stationary component.
The only case in which least squares estimators could yield consistent estimates of the parame-
ters in (4) would be when these shocks to the (log) level of output per worker follow a random
walk, so that their ﬁrst-diﬀerence is an innovation, orthogonal to ∆yi,t−1.I n s p e c i ﬁcations
5Other papers that consider Granger-causality have focused on savings rather than investment. Carroll and
Weil (1994) present panel data evidence for non-overlapping ﬁve-year periods, both for OECD countries and for
a wider sample, that Granger-causality runs from growth to saving, but not vice versa. If anything, the savings
rate is negatively related to future growth. Attanasio, Picci and Scorcu (2001) ﬁnd signiﬁcant and negative
Granger-causality running from saving to growth.
6Ad i ﬀerent way to use panel data to evaluate growth theories has been proposed in Evans (1998), based
on the cointegration properties of income series for diﬀerent countries. He concludes that exogenous growth
theories may characterize the experiences of countries with well educated populations, but not of those with
poorly educated populations.
7Interestingly the apparent lack of persistence in growth rates is another reason suggested by Easterly and
Levine (2001) for their conclusion that capital accumulation cannot be a major inﬂuence on growth rates.
6where current investment is included, as in (4), consistency of least squares estimates would
further require that current investment is uncorrelated with ∆εit. The conclusion that a higher
level of investment does not predict a higher long-run rate of growth appears to be based on
these assumptions, and may therefore be premature.
A recent paper by Bernanke and Gurkaynak (2001) studies the cross-section correlation
between investment shares and growth rates in output per worker or TFP, calculated over
long periods of time. In contrast to the conclusion from the Granger-causality literature,
they report a signiﬁcant positive correlation in both cases. While their approach is immune
to the estimation problem noted above, there are of course reasons to be cautious about
inferring any causation from a cross-section correlation. In particular there may be unobserved
country-speciﬁc factors, such as economic, political and legal institutions, that favour both high
investment and fast growth. This could account for the positive cross-section correlation even
in the absence of any causal link running from investment to growth. Moreover, since we
observe actual and not steady state output per worker, the average investment rate may be
correlated with the diﬀerence between the two.
The approach we develop in the next section can be motivated either as a way of obtaining
consistent estimates of the ‘growth eﬀect’ θ and the ‘level eﬀect’ β in dynamic growth models
of the kind illustrated in equation (4); or alternatively as an extension of the test of the Solow
model proposed by Bernanke and Gurkaynak (2001) to a dynamic panel data context, which
allows us to control for unobserved country-speciﬁc factors that aﬀect both investment and
growth, as well as to allow for the likely endogeneity of current investment measures.8 The
most general speciﬁcation we estimate will satisfy both objectives, although we will show that
our main empirical results are also found in a range of more restrictive models.
8That is, the likely correlation between the current shock εit and the current investment share xit in models
like (1) or (4).
73 Model Speciﬁcations
In this section we describe the models we use to examine the relationship between the growth of
output per worker and investment in physical capital. The spirit of the exercise is to start from
a speciﬁcation general enough to encompass the predictions of diﬀerent theories. Initially we
will estimate these models for a panel of countries, using pooled data at the annual frequency.
We will then present panel speciﬁcations using data for non-overlapping ﬁve-year periods.
Finally, we will estimate individual time series models for each country, using annual data.
Derivations of the basic speciﬁcations for the pooled annual data are presented below.
Denote with yit the logarithm of GDP per worker, and with xit the logarithm (or, in an
alternative speciﬁcation, the level) of the investment to GDP ratio. Assume that the behavior
of yit is represented by the following ADL(p,p) (Autoregressive-Distributed Lag) model:
yit = cit + α1yi,t−1 + α2yi,t−2 + ... + αpyi,t−p + β0xit + β1xi,t−1 + ... + βpxi,t−p + εit (5)
where εit is a mean zero, serially uncorrelated shock assumed to be independent across coun-
tries. We assume that cit is a non-stationary process that determines the behavior of the
growth rate of yit in the steady state. This model nests simpler dynamic speciﬁcations like
equation (2) that have been used to evaluate the Solow growth model, and in this context the
cit process would reﬂect the growth of total factor productivity.9 We allow for richer dynamics
in our empirical models based on annual data to control for business cycle inﬂuences.
It is useful ﬁrst to express all variables as deviations from the average value calculated
across all countries in the same time period. Taking this average of all the variables in (5) we
obtain:
y.t = c.t + α1y.,t−1 + ... + αpy.,t−p + β0x.,t + β1x.,t−1 + ... + βpx.,t−p + ε.t (6)
9Lee, Pesaran and Smith (1997) show that a similar speciﬁcation can be obtained from a version of the Solow
model that explicitly incorporates stochastic TFP shocks.
8where, for example, y.t = 1
N
PN
i=1 yit. Subtracting (6) from (5), we get:
˜ yit =˜ cit + α1˜ yi,t−1 + α2˜ yi,t−2 + ... + αp˜ yi,t−p + β0˜ xit + β1˜ xi,t−1 + ... + βp˜ xi,t−p +˜ εit (7)
where the variables with tildes denote deviations from these year-speciﬁcm e a n s ,i . e . ˜ yit =
yit − y.t,e t c ..
We will experiment with diﬀerent speciﬁcations of the process for cit that embody diﬀerent
assumptions on how exactly investment aﬀects the steady state growth rate of output per
worker. One option is to assume that cit evolves according to:
cit = ci,t−1 + γ0 + γ1¯ xi. + et. (8)
This allows for a time-invariant drift (γ0 + γ1¯ xi.) that varies across countries, and depends
on the country’s average investment share, ¯ xi. = 1
T
PT
t=1 xit.T h e c o m p o n e n t et represents,
instead, a common technological shock or other macro shock whose eﬀect is common across
countries. Taking deviations from year-speciﬁc means removes the common components γ0+et,
giving:
˜ cit =˜ ci,t−1 + γ1e xi (9)
where e xi. =¯ xi. − 1
N
PN




The implied relationship between investment and growth in the steady state (i.e. when
˜ xit =˜ xi,t−1 =˜ xi for all periods and ˜ εit is set to its expected value of zero) is easily derived by
taking ﬁrst-diﬀerences of (7) and using the expression for ∆˜ cit in (9):
e gi =˜ y∗
it − ˜ y∗
i,t−1 =
γ1e xi
(1 − α1 − α2 − ... − αp)
where e gi i st h es t e a d ys t a t eg r o w t hr a t ea n dt h es u p e r s c r i p t∗ denotes steady state values
of the variables. The last equation shows that the steady state growth rate of output per
worker depends on the country-speciﬁc average share of investment in GDP (all expressed
as deviations from year-speciﬁc means). Alternatively the steady state growth rate of actual
9output per worker for a country with a high share of investment will tend to be higher than
the average for all countries if the parameter γ1 is strictly positive.
Note that, solving (9) backward we obtain:
˜ cit =˜ ci0 + γ1e xi.t. (10)
Substituting (10) in (7) we obtain the representation:
˜ yit =˜ ci0 + γ1e xi.t + α1˜ yi,t−1 + α2˜ yi,t−2 + ... + αp˜ yi,t−p (11)
+β0˜ xit + β1˜ xi,t−1 + ... + βp˜ xi,t−p +˜ εit.
For convenience, we can reparameterize (11) as:
∆˜ yit = γ1e xi.t +( α1 − 1)∆˜ yi,t−1 +( α2 + α1 − 1)∆˜ yi,t−2 + ... (12)
(αp + αp−1 + ... + α1 − 1)˜ yi,t−p + β0∆˜ xit +( β1 + β0)∆˜ xi,t−1
+... +( βp + βp−1 + ... + β0)˜ xi,t−p +˜ ci0 +˜ εit.
Or, simply redeﬁning the coeﬃcients:
∆˜ yit = γ1e xi.t + π1∆˜ yi,t−1 + π2∆˜ yi,t−2 + ... + πp˜ yi,t−p (13)
+φ0∆˜ xit + φ1∆˜ xi,t−1 + ... + φp˜ xi,t−p +˜ ci0 +˜ εit.
Note that, like equation (11), equation (13) is still a dynamic model for the (log) level
of output per worker, provided πp 6=0 . In particular, the error term in (13) will be serially
uncorrelated if the shocks entering the process in (5) are serially uncorrelated. We are thus
modelling the growth rate of output (in deviation form) in terms of its lags, an initial level
of output, a distributed lag of the investment share, and an interaction between a trend and
the country-speciﬁc average investment share. A general common trend process has also been
controlled for by taking deviations of all variables from their year-speciﬁc means. The lags of
∆yit and ∆xit are included to control for ﬂuctuations at business cycle frequencies. ˜ ci0 reﬂects
10time-invariant, country-speciﬁci n ﬂuences on the steady state level of output per worker, while
transient idiosyncratic shocks to the level of output per worker are reﬂected in e εit.
The test of whether capital accumulation aﬀects the growth rate of output per worker in
the steady state is here simply a test of γ1/πp =0 . Evidence that γ1 equals zero would be
consistent with the Solow growth model, in which the steady state growth rate of output per
worker is given by purely exogenous technological progress. Our approach extends to a dynamic
panel context the test of the Solow model proposed by Bernanke and Gurkaynak (2001) in a
cross-sectional setting. The advantage of the panel approach is that it allows one to address
the endogeneity issues that naturally arise when one investigates the eﬀect of investment on
growth, and that cannot be satisfactorily addressed in a single cross-section.
In the AK growth model, capital accumulation should aﬀect the steady state growth rate,
so we would expect γ1/πp to be signiﬁcantly diﬀerent from zero. In the standard AK model,
there should be no transitional dynamics, while the model in (13) allows for transitional dy-
namics in approaching the steady state. However, extensions of the AK model imply transi-
tional dynamics. For instance, adding to the AK production function a component with the
standard neoclassical characteristics generates conditional convergence.10 As l i g h t l yd i ﬀerent
type of conditional convergence can be obtained also from an endogenous growth model with
technological diﬀusion.11
Even if there is no eﬀect on the steady state growth rate, equation (13) allows for a
steady state eﬀect of investment on the level of output per worker, captured by the negative of
φp/πp. Putting it diﬀerently, given an initial level of income, the out of steady state growth
rate depends upon the investment rate, as predicted by the Solow growth model.
The process for cit in (8) implies that if the share of investment in output (˜ xit) is stationary,
10See, for instance, Barro and Sala-I-Martin (1995) p. 161 et seq.
11See, for instance, Barro and Sala-I-Martin (1995), chapter 8. For this last class of models, et in (8) may
capture the evolution of output per worker in the leading country.
11then the log of output per worker (e yit) should be trend stationary, when expressed in deviations
from year-speciﬁc means across all countries.12 Ad i ﬀerent way to let investment inﬂuence the
steady state growth rate, which allows for a unit root in the log of output per worker that is
not common to all countries, is to assume that cit in (5) evolves according to:
cit = ci,t−1 + θ0 + θ1xit + et. (14)
Here we allow the change in cit to depend directly on the current share of investment, which
we assume to be a stationary stochastic process. In deviation form this becomes:
˜ cit =˜ ci,t−1 + θ1˜ xit. (15)
It follows that:





∆˜ yit = θ1
t X
s=1
˜ xis + π1∆˜ yi,t−1 + π2∆˜ yi,t−2 + ... + πp˜ yi,t−p (17)
+φ0∆˜ xit + φ1∆˜ xi,t−1 + ... + φp˜ xi,t−p +˜ ci0 +˜ εit.
In this speciﬁcation the interaction term e xi.t in (13) has been replaced by the backward
sum of the investment shares, bse xit =
t X
s=1
˜ xis. This term is clearly integrated of order one
(I(1)), if ˜ xit is stationary. The process for cit in (14) then implies that e yit is also I(1) and
cointegrated with the backward sum of investment shares.
The backward sum variable captures the idea that, at each point in time, the level of
output per worker reﬂects the history of the country’s investment up to that point. Another
way to think about the basic implication of this model is that now the coeﬃcient of the country-
speciﬁct i m et r e n di nt h ep r o c e s sf o r˜ yit depends on the average of past investment shares (i.e.
12This can be seen from equation (13), in which the only non-stationary inﬂuence on the level of e yit is the
deterministic trend. The untransformed series (yit) will however be integrated of order one (I(1)), since these
contain the ‘permanent’ shocks (et)t h a ta r ec o m m o nt oa l lc o u n t r i e s .








t, simply by multiplying and dividing by t). As
in the previous model, the steady state growth rate will depend on the (constant) level of the
investment rate. This formulation may be more convenient for estimation because, when a
long time series is available, we can appeal to results in the cointegration literature to address
the issue of endogeneity of current investment.
There is an alternative representation of this last model that is also useful for estimation
purposes. Taking ﬁrst-diﬀerences of equation (7) and substituting for ∆˜ cit from equation (15),
the model becomes:
∆˜ yit = α1∆˜ yi,t−1 + α2∆˜ yi,t−2 + ... + αp∆˜ yi,t−p (18)
+θ1˜ xit + β0∆˜ xit + β1∆˜ xi,t−1 + ... + βp∆˜ xi,t−p + ∆˜ εit.
In this case the growth rate of output per worker is expressed as a distributed lag of itself and
a distributed lag of ﬁrst-diﬀerences of the investment share, with an additional term in the
(log) level of the investment share. Notice that this is now a model for the growth rate rather
than for the level of output per worker, and the error term here reﬂects ﬁrst-diﬀerences of the
shocks to the level of output per worker that enter equation (7). Moreover in this form all the
variables in the empirical speciﬁcation are stationary, provided that the share of investment
in output is stationary. An equation of this form, albeit not necessarily in deviation form, has
been estimated by various authors focused on testing the AK model (see, for instance, Jones
(1995), Blomstrom, Lipsey and Zejan (1996), Li (2002) and Madsen (2002)). Again, a rejection
of the hypothesis θ1/πp =0suggests a long-run eﬀect of investment on growth, consistent with
an endogenous growth approach.
A crucial point is that, if there are serially uncorrelated shocks εit that aﬀect the (log)
level of output per worker, as in (5), the error term in (18) has an MA(1) structure that makes
it necessarily correlated with the lagged dependent variable ∆˜ yi,t−1. More generally, the error
13term in the ﬁrst-diﬀerenced speciﬁcation would only be serially uncorrelated if the idiosyncratic
shocks εit follow a random walk. Otherwise least squares estimates of the parameters in (18)
will be biased and inconsistent. Consistent estimates may be obtained, provided the shocks εit
are serially uncorrelated, by using lagged values of endogenous variables from periods t-2 and
earlier as instrumental variables; and/or by using as instruments current values of exogenous
variables that are uncorrelated with both εit and εi,t−1. W ew i l le x p l o r et h ei m p o r t a n c eo f
these potential biases in such ﬁrst-diﬀerenced speciﬁcations in our empirical analysis.
In all the speciﬁcations presented so far, there are no other country-speciﬁci n ﬂuences
on the growth of cit besides investment. As a result, for instance, there is no time-invariant
country-speciﬁc component of the error term in the ﬁrst-diﬀerenced equation (18), since the
country-speciﬁc term ci0 that aﬀects the steady state level of output per worker has been
eliminated by diﬀerencing. However, in this context, we can also allow for a time-invariant
country-speciﬁc drift term, di, to enter the process for cit, i.e.:
cit = ci,t−1 + di + θ0 + θ1xit + et. (19)
In this case we introduce a time-invariant country-speciﬁcc o m p o n e n t(e di) into the error term in
equation (18). This generalization is particularly important as it allows for unobserved country-
speciﬁc factors, such as the quality of institutions, that may aﬀect both investment shares and
steady state growth rates. The corresponding extension to the dynamic model for the level
of output per worker in equation (17) would introduce a set of unrestricted country-speciﬁc
linear trends, in addition to the backward sum of investment variable. The process for cit in
(19) thus implies that the I(1) output per worker and backward sum of investment variables
(e yit and bse xit) are cointegrated after eliminating a country-speciﬁc deterministic trend.
This extension is not possible in the speciﬁcations based on (8). Introducing separate
linear trends for each country would not allow the identiﬁcation of the coeﬃcient γ1 on the
interaction term in (13). Likewise if we ﬁrst-diﬀerence this model, we cannot identify γ1
14if we allow for a time-invariant country-speciﬁc component in the resulting error term. In
a similar spirit, we could investigate whether the country-speciﬁcc o e ﬃcients on the trends
in an extended version of (13) depend not only upon average investment shares, but also
upon additional time-invariant country characteristics measuring, for example, institutional
quality, policy choices and human capital. However it should be stressed that this approach
is less general than the one discussed in the preceding paragraph, in that it cannot control for
unobserved country-speciﬁci n ﬂuences on steady state growth rates that are correlated with
average investment shares.
Finally, again in the context of the model in ﬁrst-diﬀerences, we can further allow for the
possibility that the cit process contains a country-speciﬁc random walk component. This gives
our most general speciﬁcation of the process for cit as:
cit = ci,t−1 + di + θ0 + θ1xit + et + vit (20)
where the serially uncorrelated vit reﬂect ‘permanent’ shocks to the logarithm of output per
worker that are independent across countries.13
Taking deviations from year-speciﬁc means, and substituting the resulting speciﬁcation for
∆e cit into equation (7) in ﬁrst-diﬀerences, gives our most general empirical model as:
∆˜ yit = α1∆˜ yi,t−1 + α2∆˜ yi,t−2 + ... + αp∆˜ yi,t−p (21)
+θ1˜ xit + β0∆˜ xit + β1∆˜ xi,t−1 + ... + βp∆˜ xi,t−p + e di + e vit + ∆˜ εit.
This most general speciﬁcation for cit then has the implication that the I(1) variables e yit and
bse xit are not cointegrated. However the model can still be estimated consistently in this ﬁrst-
diﬀerenced form. Provided a long time series is available, country-dummies can simply be
included to allow for the heterogeneity in long-run growth rates reﬂected in e di. Instrumental
13Recall that the et reﬂect ‘permanent’ shocks that are common to all countries.
15variables estimates of (21) can then allow for both transient shocks (εit) and permanent shocks
(vit) to the (log) level of output per worker in each country.
Notice that while the presence of transient shocks (εit) leads to biases when Ordinary Least
Squares or Within estimators are used for models in ﬁrst-diﬀerences like (21), the presence of
country-speciﬁcp e r m a n e n ts h o c k s( vit) would introduce a random walk component into the
error term of models in levels like (13) or (17). The resulting serial correlation would again
result in biased estimates of coeﬃcients, particularly those on lagged dependent variables, and
in this context it is not clear that valid instrumental variables would be available to obtain
consistent parameter estimates.
The various speciﬁcations presented above will constitute the basis of our empirical analy-
sis. We will present both pooled estimates and estimates that allow for heterogeneity of all
coeﬃcients across countries. Moreover, we will generalize the models in some cases by allowing
for additional regressors, such as the population growth rate, or proxies for human capital.
Before presenting the econometric results, however, we will describe the data sources and the
time series characteristics of the data used in estimation.
4 The Data: Sources and Time Series Properties
The data for estimating the basic model comes from the Penn World Table 6.0 (PWT 6.0) data
set. Among many other variables, this data set includes the series for GDP per worker, the
share of the total gross investment in GDP (both in real terms), and population. The national
accounting variables are measured in constant international dollars. Our data set contains 98
countries and the annual data covers the period 1960-1998.14 Even though the PWT 6.0 data
set has information on more countries, we include only 98 of them in order to have a balanced
panel data set. Following Mankiw, Romer and Weil (1992), we also excluded the countries
14See the Data Appendix for a list of the countries and summary statistics.
16for which oil production is the dominant industry. The reasoning is that the standard growth
theories cannot be applied to the data from those countries since a large fraction of their GDP
depends on natural resources.15
The number of countries in our sample drops to 76 when we use instrumental variable
estimators, due to the lack of observations for some of the countries on additional variables
that are included in the instrument set. We will use as additional instruments appropriately
lagged values of the inﬂation rate (measured using the GDP deﬂator), and of government
spending and trade (import plus exports), both as a percentage of GDP. All these variables
are taken from the World Bank World Development Indicators (WDI) 2002. We also use
measures of human capital accumulation obtained from Barro and Lee (2000).
We now brieﬂy discuss the time series properties of our main variables, the log of output
per worker and the log of the investment share. We ﬁrst run the augmented Dickey-Fuller
(ADF) test for both the level and the ﬁrst-diﬀerence of these variables, separately for each of
t h e9 8c o u n t r i e s ,a l l o w i n gf o r4l a g s . 16 Both variables are measured as deviations from their
year-speciﬁc cross-country mean values, in order to control for common trends. This is also
the form in which the variables enter in all our regression models.
Table 1A gives the number of countries for which the null hypothesis of a unit root is
rejected for each series. The country by country ADF test cannot reject in almost all cases the
presence of a unit root for both the log of GDP per worker (e y) and for the log of the investment
share (e x). When we apply the ADF test to the ﬁrst-diﬀerences of these variables, we are able
to reject at the 5% level the non-stationarity of the growth rate of GDP per worker for 33
countries when we do not allow for a trend, and for 21 countries when we allow for a trend.
The number of countries for which this test rejects the non-stationarity of the ﬁrst-diﬀerence
15The excluded oil producers are Bahrain, Gabon, Iran, Iraq, Kuwait, Oman, Saudi Arabia, and the United
Arab Emirates.
16T h eA D Ft e s t sh a v ea l s ob e e nr u nu s i n gd i ﬀerent lag lengths. The results are very similar to those presented
here.
17of the log investment share is larger: 46 without the trend and 26 with a trend. These results
suggest that the levels of both these variables are I(1), and may even be I(2). However these
tests are known to have low power for distinguishing highly persistent, yet stationary processes
from unit root processes. Moreover, there is the danger of misinterpreting structural breaks in
trend stationary processes with a unit root.
We also consider a more powerful test for unit roots in heterogeneous panels, the Wtbar test
proposed by Im, Pesaran and Shin (2003). This stat i s t i ci sb a s e do na na p p r o p r i a t e l ys t a n d a r d -
ized average of the individual ADF statistics, and has a standard normal limiting distribution.
Results are reported in Table 1B. For the log of the investment share we can reject the null
hypothesis of non-stationarity if we rely on the version of the test that does not include a
trend, but not if we consider the version with a trend. We suspect that the former version is
more appropriate for the investment share, which cannot grow (or fall) without bounds and
so should have neither a deterministic nor a stochastic trend in the long run. Neither version
of the test rejects the null of non-stationarity for the log level of GDP per worker, while both
reject this null for the growth rate. These results suggest that the log level of output per
worker may be an I(1) variable, even in deviations from year-speciﬁcm e a n sf o r m .
Finally we consider cointegration between the log of GDP per worker (e y)a n dt h eb a c k w a r d
sum of investment shares variable (bse x), on the assumption that these are both I(1) variables.
Table 1C reports results for the group and panel ADF statistics of Pedroni (1995, 1999), both
with and without a deterministic trend, which test the null hypothesis of no cointegration.
These results suggest that these two variables are cointegrated when we allow for country-
speciﬁc deterministic trends, but not otherwise.
Formally these time series properties are consistent with the process for cit represented by
equation (19), which suggests that in deviations from year-speciﬁc means, the log of GDP per
worker should be an I(1) variable that is cointegrated with the backward sum of investment
18shares when we allow for country-speciﬁc trends. However there are suﬃcient reservations
about the power and reliability of these tests for unit roots and cointegration that we prefer
n o tt or e l yt o oh e a v i l yo nt h e s er e s u l t s .I n s t e a d we will present empirical results for a range
of speciﬁcations introduced in the previous section, and focus on econometric results that are
appropriate in each case given the time series implications of the corresponding processes for
cit.
5P a n e l R e s u l t s
We ﬁrst present the results obtained when the dynamic models for the log level of GDP per
worker, equations (13) and (17), are estimated using pooled annual data. We will also estimate
the latter model in ﬁrst-diﬀerenced form (equation (18) or (21)), which allows us to control
for unobserved country-speciﬁci n ﬂuences on growth rates. In addition, we will present GMM
estimates of this diﬀerenced model obtained using pooled data for non-overlapping ﬁve-year
periods. Finally in this section we will assess the robustness of the pooled annual results
to changes in the functional form, to the measure of investment used, and to the inclusion
of additional population growth and human capital variables suggested by the (augmented)
Solow growth model.
5.1 Basic Results on Yearly Data
For the models estimated on yearly data we have experimented with diﬀerent lag lengths. Since
the results are qualitatively quite similar, we will focus on the results obtained when p is set to
four, allowing for rather rich business cycle dynamics. We ﬁrst present results obtained using
the country-speciﬁc mean of the logarithm of the investment share (e xi.)i n t e r a c t e dw i t hat i m e
trend as a regressor, followed by those obtained using the backward sum variable (bse xit). This
19last model will also be estimated in its ﬁrst-diﬀerenced form on annual data, and also using
pooled data for non-overlapping ﬁve-year periods.
In Table 2 we report the results obtained from estimating equation (13), in which the long-
run growth rate of output per worker depends on the country’s overall mean share of investment
in GDP. Table 3 reports estimates of equation (17), in which the long-run growth rate depends
on the mean of current and past shares of investment. In both tables we present the Within
estimates of the basic model, and the Within estimates of an alternative speciﬁcation that
excludes the contemporaneous ∆˜ xit (and further uses bse xi,t−1 instead of bse xit in Table 3).17 In
addition, we present Instrumental Variables estimates. In this last case our sample drops from
98 countries to 76 because of data availability. All these speciﬁcations allow for unobserved
time-invariant country-speciﬁc factors to aﬀect the steady state log level of output per worker,
but do not allow for unobserved heterogeneity in long-run growth rates.
The process for cit in (8) that underlies the speciﬁcation reported in Table 2 implies that
e yit is trend stationary, with a trend that varies across countries with average investment shares.
In this case the possible endogeneity of current investment could result in serious biases for
least squares estimators, and our Instrumental Variables estimates may be more appropriate.
Standard inference procedures can however be applied. In Table 2, ∆˜ xit is instrumented using
lagged values of log investment and output per worker, plus lags of inﬂation (measured by
the log of one plus the inﬂation rate), and the logs of trade and government spending (both
expressed as percentages of GDP). Note that the interaction term between the time trend and
the country-speciﬁc mean investment rate,
−
e xi, is not instrumented in this speciﬁcation.
The process for cit in (14) that underlies the speciﬁcation reported in Table 3 implies that
e yit is non-stationary and cointegrated with bse xit. In this case the Within estimates of the
long-run growth eﬀect, −θ1/π4, are superconsistent, whether or not the speciﬁcation includes
17For the pooled annual data, we rely on the length of the time series to justify the consistency of these
Within estimates in the presence of lagged dependent variables.
20contemporaneous investment variables. Moreover Pesaran and Shin (1999) show that standard
normal asymptotic inference will be valid for this ratio of coeﬃcients on the cointegrated I(1)
variables, and the standard error can be calculated using the delta method. For comparison
we also report the Instrumental Variables estimates, in which we instrument both ∆˜ xit and
bse xit, adding bse xi,t−1 to the instrument list.
In all these cases there is strong evidence that investment has a signiﬁcant positive eﬀect on
both the level and the steady state growth rate of output per worker, captured respectively by
−φ4/π4 and −γ1/π4 in Table 2, and by −φ4/π4 and −θ1/π4 in Table 3.18 The hypothesis that
the long-run eﬀect on the growth rate is equal to zero can be rejected at the 1% signiﬁcance
level, using either the Instrumental Variables results in Table 2 or the Within results in Table
3.19
T h es i z eo ft h i se s t i m a t e de ﬀect of investment on long-run growth is also quite large. For
instance, using the Within results presented in Table 3, a country that has an investment share
equal to the third quartile of the sample distribution (21.61%) has an annual growth rate of
output per worker that is 0.92 percentage points higher than a country that has the median
investment share (13.47%). The diﬀerence between a country at the third quartile and one at
the ﬁrst quartile (7.93%) is estimated to be 1.95 percentage points.
The standard test of over-identifying restrictions does not suggest any gross mis-speciﬁcation
for our Instrumental Variables speciﬁcations. Similarly, the tests of serial correlation proposed
by Arellano and Bond (1991) do not suggest the presence of either ﬁrst-order or second-order
serial correlation in the shocks (˜ εit) to the log level of output per worker, given the dynamics
included in these models.
As we explained in section 3, we can also estimate the model containing the backward
18Note also that in all the speciﬁcations reported in Tables 2 and 3, the coeﬃcient π4 on the lagged level of
log output per worker is negative, consistent with the presence of conditional convergence.
19We have reported in square brackets the marginal signiﬁcance level of the tests that these ratios of estimated
coeﬃcients are equal to zero (obtained using the standard delta method).
21sum of investment shares in its ﬁrst-diﬀerenced form (see (18)). This formulation is interesting
because it has been used in some of the papers aimed at testing the AK model, such as Jones
(1995). Moreover, now all the variables entering the estimated equation are stationary. In
(18), the eﬀect of investment on the steady state growth rate is captured by the coeﬃcient
on the level of investment. If there are no country-speciﬁc factors besides investment in the
equation determining the evolution of cit (see (14)), then no country-speciﬁc‘ ﬁxed eﬀects’
should be present in the ﬁrst-diﬀerenced model. If instead there is unobserved heterogeneity
across countries in long-run growth rates, then such country-speciﬁce ﬀects are present, as in
(21), and they can be controlled for in estimation. As we discussed earlier, consistent estimation
may also require an Instrumental Variables approach if there are serially uncorrelated shocks
(εit) to the (log) level of output per worker.
In the ﬁrst two columns of Table 4 we report the OLS results (with and without contem-
poraneous information). These do not control for either MA(1) errors or for country eﬀects,
and are presented for comparison purposes. Even if there are no country-speciﬁce ﬀects in the
ﬁrst-diﬀerenced model, OLS will yield inconsistent estimates in this autoregressive speciﬁca-
tion if the errors in the corresponding levels equations are serially uncorrelated, which implies
an MA(1) error structure in the diﬀerenced equations. For our sample of annual data for
98 countries, this approach nevertheless suggests a signiﬁcant positive coeﬃcient on the level
of investment or, in the speciﬁcation with no contemporaneous information, that investment
Granger-causes growth. The tests of serial correlation indicate no problem with the residuals.
However these are based on parameter estimates that may be seriously biased, and we would
treat the ﬁndings in these columns with considerable caution.
In the third column we report an Instrumental Variables estimator for this speciﬁcation,
using instruments dated t-2 and earlier to allow for the possible MA(1) structure of the error
term in the ﬁrst-diﬀerenced model. The results are quite diﬀerent, consistent with our suspicion
22that OLS estimates of this dynamic model for growth rates are likely to be seriously biased.
T h es u mo ft h ee s t i m a t e dc o e ﬃcients on the lagged dependent variables is close to one and the
long-run eﬀects are poorly determined. However these IV results will also be biased if there is
unobserved heterogeneity in steady state growth rates. In the fourth column we allow for this
case by controlling for unobserved country-speciﬁce ﬀects in the ﬁrst-diﬀerenced equations.
The signiﬁcance of the coeﬃcient on the level of investment increases, but we also note that
this dynamic model in ﬁrst-diﬀerences appears to be heavily over-parameterised. In the ﬁnal
column we report our preferred IV results for a more parsimonious dynamic speciﬁcation, in
which both the growth and level eﬀects are signiﬁcant at the around the 1% level.20
It is useful to compare these preferred results, which allow for both the MA(1) error
structure and for unobserved heterogeneity in growth rates, to the basic OLS results presented
in column 1 or 2 of Table 4. The serial correlation tests for our preferred speciﬁcation indicate
the expected MA(1) form of serial correlation, implied by the presence of transient shocks
to the log level of GDP per worker. This source of bias appears to dominate that due to
unobserved country-speciﬁce ﬀects, resulting in an OLS estimate of the coeﬃcient on the
lagged dependent variable that is severely biased downwards. Our preferred estimates suggest
a much higher degree of persistence in growth rates than has typically been reported.
W h i l et h i sI Ve s t i m a t ei nt h eﬁrst-diﬀerenced model is much higher than the corresponding
OLS estimates, it also suggests a much faster ‘speed of convergence’ than that estimated in
the levels models reported in Tables 2 and 3.21 This points to the potential importance
of unobserved heterogeneity across countries in steady state growth rates, and is one of the
motivations for our exploration of time series models for individual countries in section 6, which
20Similar results were obtained for alternative, more or less restrictive, versions of this speciﬁcation. Notice
that more informative instruments are available when we omit the insigniﬁcant longer lags from the equation,
and this allows more precise estimates of the parameters to be obtained.
21The interpretation of the ‘speed of convergence’ becomes more subtle in models that allow for diﬀerences
across countries in long-run growth rates. We estimate relatively fast adjustment to each country’s steady state
growth path, but these growth paths may themselves be diverging.
23allow all parameters to vary across countries. Nevertheless we have shown that the signiﬁcant
positive eﬀect of investment on long-run growth rates, reported in Tables 2 and 3, is robust
to controlling for this unobserved heterogeneity in growth rates, at least in the context of the
pooled annual panel data models considered in this section.
5.2 Diﬀerenced Model on Five-Year Averages
In this section we present estimates of the ﬁrst-diﬀerenced model, using data on average growth
rates and investment shares for non-overlapping ﬁve-year periods. Taking such averages is one
w a yt os m o o t ho u tﬂuctuations at the business cycle frequency, and has been used previously in
the empirical growth literature by, for example, Islam (1995) and Caselli, Esquivel and Lefort
(1996). This leaves us with data for seven ﬁve-year periods.
This kind of speciﬁcation has been used by Blomstrom, Lipsey, and Zejan (1996) to test
for the eﬀect of capital accumulation on steady state growth. They report OLS estimates, both
with and without country dummies. However neither the OLS nor the Within estimator are
appropriate for models in ﬁrst-diﬀerences that contain lagged dependent variables and other
endogenous variables as regressors, when the number of time periods used is very small. We
apply the Instrumental Variables estimators suggested in Arellano and Bond (1991) to this
data set.22
Having experimented with diﬀerent lag structures, we focus on the results for the following
simple speciﬁcation:
∆5˜ yit = α1∆5˜ yi,t−5 + θ1˜ xA
it + β0∆5˜ xA
it + ∆5˜ εit (22)
where ∆5˜ yit =˜ yit − ˜ yi,t−5,a n d˜ xA
it denotes the average value of the log of the investment share
22Caselli, Esquivel and Lefort (1996) use these estimators with ﬁve-year panels to study the issue of conditional
convergence.
24over this ﬁve-year period. We assume here that, after ﬁrst-diﬀerencing, there is no country-
speciﬁce ﬀect remaining in the error term. This approach does not control for unobserved
heterogeneity in growth rates, which in this context would require estimation of the model in
second-diﬀerences rather than in ﬁrst-diﬀerences. We did experiment with second-diﬀerenced
speciﬁcations, using instruments that remain valid in the presence of an MA(2) error process.
The estimates were imprecise and are not reported in detail. The eﬀect of investment on the
long-run growth rate was found to be positive and signiﬁcant at the 10% level.
Table 5 reports the results for the ﬁrst-diﬀerenced speciﬁcation. The columns denoted
by IV1 report the one-step estimator in Arellano and Bond (1991), while those denoted by
GMM report the two-step estimator, with standard errors that use the ﬁnite-sample correction
proposed by Windmeijer (2000). In the ‘small’ instrument set we include only the logs of GDP
per worker and the investment share, each lagged 2, 3 and 4 times. The ‘augmented’ instrument
set also includes lags 2, 3 and 4 of the policy variables, which again results in a smaller sample of
countries. As expected, there is evidence of ﬁrst-order serial correlation in the ﬁrst-diﬀerenced
residuals, while the hypothesis of no second-order serial correlation cannot be rejected. The
Sargan-Hansen test of over-identifying restrictions for the GMM estimates suggests that our
instruments are valid and that there is no gross form of mis-speciﬁcation.
For all the estimators and for all the instrument sets, the asymptotic t test on the coeﬃcient
θ1 on the log level of the average investment share suggests a signiﬁcant positive eﬀect of
investment on the steady state growth rate. The long-run eﬀect of investment on the level of
output per worker is also highly signiﬁcant when we use the augmented instrument set. The
implied annual speed of convergence, λ, is between 0.104 and 0.118, which is very similar to
that reported by Caselli, Esquivel and Lefort (1996), using similar GMM estimators for data
on ﬁve-year periods.23
23λ is calculated from −(1 − α1)=−(1 − e
−5λ). See, for instance, Caselli et al. (1996), equation (10). Their
estimate was 0.128.
25One advantage of the ﬁve-year average speciﬁcation is that it allows us to control for
measures of the percentage of the working age population in secondary schooling, or measures
of the average years of schooling, which are not available annually for many countries. All the
results reported in this section were robust to including both the level and the ﬁrst-diﬀerence
of these schooling variables in extended speciﬁcations, and these human capital terms were
found to be insigniﬁcant at conventional levels.
5.3 Robustness and Extensions
In this section we present a set of experiments to investigate whether our results are robust
to various extensions of the model. We ﬁrst re-estimate the model reported in Table 3, using
the level of the investment share and not its logarithm as an explanatory variable. We then
use the logarithm of ﬁxed investment, as opposed to total investment, and ﬁnally we include
population growth as an additional explanatory variable. For brevity we focus on results for
the model containing the backward sum of investment shares, estimated in levels rather than
in ﬁrst-diﬀerences. As we will see, our general conclusions are robust to these variations.
More speciﬁcally, the results are robust to changes in the functional form. When the level
of the investment share is used as a regressor (see Table 6), we obtain qualitatively very similar
results to those reported previously using its logarithm (see Table 3). In particular, both the
level and the growth eﬀects of investment remain highly signiﬁcant. All of the papers that
focus on testing the AK model have used the level of the investment share, as suggested by
this theory, while those that focus on testing the (augmented) Solow model have generally
used its log. The quantitative eﬀect of investment on growth is now estimated to be somewhat
larger. For instance, going from the median to the third quartile of the investment share is
associated with a positive growth rate diﬀerential in the steady state of 1.14 percentage points
per year (using the Within results in Table 6), compared with 0.92 percentage points (using
26the Within results in Table 3).
In Table 7 we present the results obtained when the logarithm of ﬁxed investment as a share
of GDP is used, instead of total investment. Because of data availability, the total number
of observations drops considerably (from 3430 to 2262, when we use the Within estimator,
and from 2456 to 1768, when we require instruments). However, we still obtain positive and
signiﬁcant growth and level eﬀects for the Within and IV estimates of our basic speciﬁcation,
although not in this case for the model that excludes contemporaneous investment information.
The size of the estimated growth eﬀects tends to be larger here than when total investment is
used.
We now add to the speciﬁcation reported in Table 3 four lags of the log of the population
growth rate (plus a common depreciation rate of 3% and a common ﬁx e dg r o w t hr a t eo f2 % ,a s
in Mankiw, Romer and Weil (1992)). This term would appear in standard tests of conditional
convergence implied by the Solow growth model. The long-run parameters estimated for this
speciﬁcation are reported in Table 8. The sum of the coeﬃcients on the population growth
rate terms, denoted by e zit, is negative, as expected (see the coeﬃcient on e zi,t−4), although
this is estimated imprecisely in the Instrumental Variables results. The long-run eﬀects of
investment on both the level and the growth rate of output per worker remain very similar to
those reported in Table 3, both in terms of size and statistical signiﬁcance.
6 Heterogeneous Coeﬃcients: Individual Country Results and
Mean Group Estimates
In this section we will re-estimate the various models that we have developed, using annual
time series data for individual countries. The main objective of this exercise is to see whether
our conclusion that investment has both a level and a growth eﬀect is also supported by the
27evidence when we allow all the parameters to diﬀer across countries. The trade oﬀ here is
obvious: on the one hand, by imposing equality of coeﬃcients across countries, as we have
done in the pooled models, one gains in eﬃciency. On the other hand, if these restrictions
are invalid, the inferences we draw from the panel estimates may be misleading. For instance,
what we have called ‘the’ growth eﬀect would be an inconsistent estimate of the average eﬀect
(across countries) of investment on steady state growth. In this case, relying on time series
regressions for individual countries may provide a more accurate picture of the average eﬀect
of investment on steady state growth, and of its dispersion across countries.24 The usefulness
of this exercise is enhanced by the fact that formal tests of the validity of pooling tend to reject
the restrictions of identical coeﬃcients across countries, even at the 1% level.
As we have done so far, we will continue to measure each variable as deviations from
year-speciﬁc means. If the slope coeﬃcients are identical across countries, this exactly controls
for the presence of common factors that aﬀect growth in all countries. If the slope coeﬃcients
diﬀer across countries, this procedure is only an approximate, although still useful, way to deal
with such common inﬂuences.
The results for the model in which steady state growth depends on the country’s mean
share of investment are reported in Table 9; those for the model in which steady state growth
depends on the mean of current and past investment shares are reported in Table 10; and those
for the ﬁrst-diﬀerenced version of this model are reported in Table 11. We report summary
count information on the sign and signiﬁcance of individual coeﬃcients, in addition to their
median and mean values across countries. Due to the presence of a few outliers in the individual
coeﬃcient estimates that distort signiﬁcantly the unweighted means, we report here robust
estimates of the mean, together with its standard error.25 This is a robust variant of what
24See Pesaran and Smith (1995) for a discussion of the biases that can result from not recognizing the
heterogeneity of slope coeﬃcients in dynamic panel data models. See also Lee, Pesaran, and Smith (1997) for
an application to the issue of convergence.
25The robust estimate of the mean is obtained using the rreg comand in Stata. The rreg command performs
28Pesaran and Smith (1995) call the Mean Group estimator.
In the model using the country’s overall mean share of investment, the coeﬃcient on the
time trend is γ1ie xi. (see (13)). We now include in each individual country regression a time
trend. If we assume that variation across countries in average investment shares is the only
source of heterogeneity in long-run growth rates, we can obtain an estimate of γ1i by dividing
the coeﬃcient on the time trend by the country’s value of e xi.. These estimates are reported
in Table 9. The growth eﬀect is estimated to be positive in around two thirds of the sample
countries, and signiﬁcant at the 5% level in about one third of the sample countries. The
robust estimate of the mean of these growth eﬀects is positive and signiﬁcantly diﬀerent from
zero, and very similar to the median of the sample distribution. These results do not depend
on whether we omit or instrument the current value of the investment share. The level eﬀect,
−φ4i/π4i, is also estimated to be positive in around two thirds of the countries, and the robust
mean of these estimates is positive and signiﬁcantly diﬀerent from zero. The size of both the
average level and growth eﬀects is smaller than those estimated when the data are pooled
(cf. Table 2). The average growth eﬀect is around half the size of that obtained in the panel
estimates of this model, although it is still substantial.
Another way to assess the importance of investment for steady state growth is to regress
the country-speciﬁcc o e ﬃcients on the trend terms on the average investment shares. The
results of this (robust) cross-section regression are reported at the bottom of Table 9, under
the heading Second Stage Regression. The coeﬃcient on the average investment share is
p o s i t i v ea n dh i g h l ys i g n i ﬁcant, and very similar to the robust estimate of the mean of γ1i
obtained under the restriction discussed in the preceding paragraph.
This approach allows us to control for other observed factors that may also inﬂuence the
long-run growth rate. For this reason we have also added to this second stage regression the
a robust regression, based initially on Huber weights andt h e no nb i w e i g h t s .W h e nn oe x p l a n a t o r yv a r i a b l e sa r e
speciﬁed, rreg produces a robust estimate of the mean. For details, see Hamilton (1991).
29average values of the country’s inﬂation rate, the logs of trade and government spending (both
expressed as a percentage of GDP), the percentage of the working age population in secondary
schooling, and the country’s initial log of GDP per worker. This is equivalent to allowing the
change in ˜ cit in (9) to depend on all these variables, in addition to average investment. As a
result the coeﬃcient on the country-speciﬁc trend becomes a linear function of all of them. Even
controlling for all these factors, however, the coeﬃcient estimated on the average investment
share remains positive, signiﬁcant and of similar size. Note, in passing, that the estimated
coeﬃcient on public spending in this second stage regression is negative and signiﬁcant at the
5% level, while that for trade is positive and signiﬁcant at the 5% level. The coeﬃcient on
inﬂation is negative and signiﬁcant at the 10% level, while the coeﬃcients on initial income
and the percentage of the working age population in secondary schooling are not signiﬁcant.
In Table 10 we summarize the individual country results for the model containing the
backward sum of (log) investment shares, rather than a linear trend (see (17)). Here the eﬀect
of investment on the steady state growth rate is captured by −θ1i/π4i. In this case the growth
eﬀect is again found to be positive in around two thirds of the countries, and is signiﬁcant at the
5% level in more than one third of them. The robust estimates of the mean value are positive
and highly signiﬁcant, and again similar in magnitude to the medians. The long-run eﬀect
of investment on the level of output per worker along these steady state growth paths is also
positive in around two thirds of the sample countries, with a robust mean that is signiﬁcantly
diﬀe r e n tf r o mz e r o .T h es i z eo ft h e s el o n g - r u ne ﬀects of investment are somewhat smaller than
those obtained for the same speciﬁcation when the data are pooled (cf. Table 3). For example,
a country that has an investment share equal to the third quartile has a steady state annual
growth rate of output per worker that is 0.78 percentage points higher than a country with the
median investment share, compared to 0.92 percentage points suggested by the corresponding
panel results (using the Within estimates).
30The validity of the estimates in Table 10 depends on the absence of other factors aﬀecting
the long-run growth rate, that may be correlated with levels of investment. However, the pres-
ence of any time-invariant observed or unobserved additional factors can easily be controlled
for here by taking ﬁrst-diﬀerences. In Table 11 we report the results for this model estimated
in ﬁrst-diﬀerenced form (see (18) or (21)). The inclusion of separate intercepts for each coun-
try then controls for unobserved country-speciﬁci n ﬂuences on long-run growth rates. Note
also that this ﬁrst-diﬀerenced model can further allow for the possibility of country-speciﬁc
permanent shocks (vit), as in (20).
In this case we obtain average estimates of the long-run eﬀects of investment, on both
the level and the growth rate of output per worker, that are similar to those suggested by
the corresponding levels model in Table 10. In particular, the preferred IV estimates of the
ﬁrst-diﬀerenced model suggest a robust mean growth eﬀect that is positive and signiﬁcant. In
this case the diﬀerence in long-run growth rates between countries with investment shares at
the median and at the third quartile is estimated to be 0.96 percentage points. Although the
estimates of the growth eﬀects are individually signiﬁcant here for relatively few countries, we
still ﬁnd that the signiﬁcance of the average eﬀect is robust to allowing for both country-speciﬁc
drifts and permanent shocks.26 We again ﬁnd that allowing for these forms of unobserved
heterogeneity in long-run growth rates has more eﬀect on the estimates of the autoregressive
parameters, and on average these again suggest a faster ‘speed of convergence’ than that
obtained from the corresponding speciﬁcation in levels.
26Similar results were obtained using the more parsimonious dynamic speciﬁcation considered in the last
c o l u m no fT a b l e4 . W eh a v en o ta t t e m p t e dt oﬁnd the most appropriate dynamic speciﬁcation or choice of
instruments separately for each individual country.
317C o n c l u s i o n s
In contrast to the suggestion that capital accumulation plays a minor role in economic growth,
we ﬁnd that the share of investment in GDP has a large and signiﬁcant eﬀect, not only on
the level of output per worker, but more importantly on its long-run growth rate. We ﬁnd
these results using pooled annual data for a large sample of countries, using pooled data for
ﬁve-year periods, and using the average eﬀects estimated from time series models for individual
countries. They are robust to controlling for unobserved country-speciﬁce ﬀects, not only on
the steady state level of output per worker, but also on the long-run growth rates. The cross-
section correlation between investment shares and average growth rates reported by Bernanke
and Gurkaynak (2001) is thus found to be robust to controlling for unobserved heterogeneity
in growth rates. A permanent increase in the share of GDP devoted to investment predicts
not just a higher level of output per worker, but also a faster growth rate in the long run.
These ﬁndings are consistent with the main implication of certain endogenous growth
models, such as the AK model. However it should be stressed that they do not rule out
a very important role for many other factors in the growth process, such as the quality of
economic, political and legal institutions, and the quality of macroeconomic and microeconomic
government policies, including those related to education and research. Such factors may
play a key role in determining capital accumulation, or the impact of investment on growth,
in addition to aﬀecting growth directly, at a given level of investment. We recognize that
measured variation in the share of investment in GDP may, to some extent, act as a proxy for
unmeasured country-level time series variation in some of these factors. At least we have shown
that measured investment is an informative proxy. In the absence of convincing annual data for
a large set of countries on the quality of institutions and policies, it will remain challenging to
make much stronger claims about the identiﬁcation of the true causal determinants of economic
growth.
32We note that our results also do not rule out models in which long-run growth rates are
exogenous. Investment is a forward-looking decision and investment levels are likely to rise
when investors anticipate faster future growth. In subsequent work we will explore the extent
to which this mechanism can be distinguished from a causal eﬀect of current investment on
future growth.
We also plan further work to explore the heterogeneity in the eﬀects of investment suggested
by our analysis of models for individual countries. Are there systematic diﬀerences by region or
level of development? Are there observable characteristics that explain why investment seems
to have a greater impact on growth in some countries than in others? How are these related
to factors that explain diﬀerences across countries in investment levels?27 This heterogeneity
is consistent with the view that diﬀerences in policies and institutions and the incentives
they generate can have a tremendous impact on economic growth. Additional evidence on
these issues will enhance our understanding of the determinants of growth and of the channels
through which they operate.
27See Hall and Jones (1999) for cross-sectional evidence on the relationship between capital accumulation, on
the one hand, and institutions and government policies, on the other.
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Table 1A:  Augmented Dickey Fuller Test 
 
    Without trend  With trend
y ~ 5%  4  4 
 10%  3  4 
y ~ ∆   5% 33  21 
 10%  14  9 
x ~  5% 8  5 
 10%  5  6 
x ~ ∆   5% 46  26 
 10%  18  19 
 
•  The figures indicate the number of countries for which the null hypothesis of a unit root is rejected at the 
corresponding marginal significance level. 
•  The total number of countries is 98, and the sample period covers 1960-98. 




Table 1B: Im-Pesaran-Shin Test for Unit Roots in Heterogeneous Panels 
 
  Without trend  With trend 

















•  Reported figures are the W statistic in Im, Pesaran Shin (2003) (Psi statistic in Stata outputs). Under the 
null hypothesis of a unit root (where the alternative is one sided), the test statistic is asymptotically 




Table 1C: Pedroni Cointegration Test Between  y ~and  x bs~ . 
 
  Without trend  With trend









•  See Pedroni (1995, 1999). Under the null hypothesis of no cointegration (where the alternative is one 
sided), the test statistic is asymptotically distributed as a standard normal.  38










































•   t-ratios are in parentheses, and the p-value of the significance test of the long-run effects and the p-value of 
the serial correlation tests are in square brackets. 
•  In the IV specification,  it x ~ ∆  is instrumented. The instrument set is lags 5 and 6 of  it x ~ and  it y ~ , lags 1 and 2 
of log of annual GDP inflation plus one, log of trade (sum of exports and imports) as a percentage of GDP, 
and log of government spending as a percentage of GDP. 
•  In the last row the p-value of the test of over-identifying restrictions is reported in square brackets. 
 







































































































2 0.1763  0.1561   
Number of observations  3430  3430  2456 
Number of countries  98  98  76 












Test of over-identification      [0.2499]   39











































•  t-ratios are in parentheses, and the p-value of the significance test of the long-run effects and the p-value of 
the serial correlation tests are in square brackets. 
•  In the IV specification, bs it x ~  and  it x ~ ∆  are instrumented. The instrument set is lags 5 and 6 of  it x ~ and  it y ~ , 
lag 1 of bs it x ~ , lags 1 and 2 of log of annual GDP inflation plus one, log of trade (sum of exports and 
imports) as a percentage of GDP, and log of government spending as a percentage of GDP. 
•  In the last row the p-value of the test of over-identifying restrictions is reported in square brackets. 









































































































2 0.1754  0.1538   
Number of observations  3430  3430  2456 
Number of countries  98  98  76 












Test of over-identification      [0.2811]   40
Table 4: Annual Panel Regressions: Model in Differences 
 
Notes: 
•  t-ratios are in parentheses, and the p-value of the significance test of the long-run effects and the p-value of the serial 
correlation tests are in square brackets.  
•  In the first two IV specifications  it x ~ , it x ~ ∆ , 1
~
− ∆ it x and  1
~
− ∆ it y  are instrumented. The instrument set is lags 5 and 6 of 
it x ~ and  it y ~ , lags 2 and 3 of log of annual inflation plus one, log of trade (sum of exports and imports) as a percentage 
of GDP, and log of government spending as a percentage of GDP. In the restricted IV specification with country 
effects,  3
~
− ∆ it y ,  4
~
− ∆ it y ,  2
~
− ∆ it x ,  3
~
− ∆ it x  and  4
~
− ∆ it x  are added to the instrument set. 
•  The covariance matrix in all estimations allows for heteroskedasticity and MA(1) errors.  
•  In the last row the p-value of the test of over-identifying restrictions is reported. 
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Growth effect:  
4 3 2 1
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1 α α α α
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Level effect:  
4 3 2 1
3 2 1 0
1 α α α α
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2 0.1656  0.1403       
Number of observations  3332  3332  2447  2447  2447 
Number of countries  98  98  76  76  76 






















Test of over-identification      [0.786]  [0.491]  [0.200]   41
 
Table 5: Five-Year Averages Panel: Model in Differences 
 
  Small  Instrument Set Augmented   Instrument Set
 IV1  GMM  IV1  GMM 
5 5
~



























Growth Effect  0.0653  0.0865  0.1043  0.0967 
Level Effect  0.1202  0.3395  0.4070  0.3878 
Number of observations  490  490  323  323 
Number of countries  98  98  74  74 
















Test of over-identification    [0.093]    [0.490] 
 
Notes: 
•  Small Instrument Set: lags 2, 3 and 4 of investment and GDP per worker. 
•  Augmented Instrument Set: small instrument set plus lags 2, 3 and 4 of trade, log of inflation and 
governments spending. 
•  IV1 corresponds to the one-step estimator with robust standard errors in DPD, and GMM corresponds to 
the two-step estimator with corrected standard errors (Windmeijer (2000) correction) in DPD. 
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•  See table 3 for notes. 















































































































2 0.1785  0.1508   
Number of observations  3430  3430  2456 
Number of countries  98  98  76 












Test of over-identification      [0.176]   43



















            
 






















•  See table 3 for notes. 
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2 0.2854  0.2142   
Number of observations  2262  2262  1768 
Number of countries  95  95  73 












Test of over-identification      0.3923   44
Table 8: Annual Panel Regressions with Population Growth Variables (Using Backward sum of    




























         
•  See table 3 for notes. 
































































2 0.1840  0.1592   
Number of observations  3332  3332  2456 
Number of countries  98  98  76 












Test of over-identification      [0.298]   45
 Table 9: Country Specific Regressions: Using Overall Mean of Investment 
 
   OLS 
 
OLS- 
No  it x ~ ∆
IV 
t xi






  median  0.0023 0.0034 0.0032 
4
~






  median  0.0529 0.0186 0.0535 
4
~






  median  -0.2280 -0.2548 -0.2523 
      Positive  66 66 50 
 Positive  and  signf.
at 10% 











34 39 27 






  median  0.0122 0.0132 0.0128 
      Positive  74 65 51 
 Positive  and  signf.
at 10% 











16 13 10 






  median  0.2104 0.0932 0.1893 
Second Stage Regression 






Second Stage Regression 
(with additional controls) 









•  The number of countries is 98 for the first two specifications, and 76 for IV. 
•  Robust means are reported. t-ratios are in parentheses. 
•  In the second stage regression the dependent variable is the coefficient estimated on the time trend for each 
country, and the reported figures are the coefficient of the regressor,  i x ~ , and the corresponding t-ratio. 
•  The additional controls in the second stage regression are the averages log of annual GDP inflation plus 
one, log of trade (sum of exports and imports) as a percentage of GDP, log of government spending as a 
percentage of GDP, secondary schooling, and initial income. 
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Table 10: Country Specific Regressions: Using Backward sum of Investment 
 













− it x bs )  median  0.0027 0.0029 0.0045 
4
~






  median  0.0515 0.0243 0.0243 
4
~






  median  -0.2235 -0.2466 -0.2588 
      Positive  68 64 56 
 Positive  and  signf.
at 10% 











39 39 37 






  median  0.0144 0.0134 0.0152 
      Positive  72 64 47 
 Positive  and  signf.
at 10% 











24 16 15 






  median  0.1982 0.1173 0.1120 
  
Notes: 
•  The number of countries is 98 for the first two specifications, and 76 for IV. 
•  Robust means are reported. t-ratios are in parentheses.   47
Table 11: Country Specific Regressions: Model in Differences 
 
   OLS  OLS- 
(no cont. info) 
IV 
 
it x ~  
( 1
~














( 4 3 2 1 β β β β + + +  in the  
second column) 
Median 0.1231  0.0396  0.0838 
 







 median  -1.0656  -1.0562  -0.7519 
     Positive  68  45  47 
 Positive  and  signf.
at 10% 
19 10 7 
Growth effect:  
4 3 2 1
1
1 α α α α
θ




15 8 5 






 median  0.0207  -0.0021  0.0203 
     Positive  68  59  54 
 Positive  and  signf.
at 10% 
20 11 12 
Level effect:  
4 3 2 1
4 3 2 1 0
1 α α α α
β β β β β
− − − −




14 5 6 











•  The number of countries is 98 for the first two specifications, and 76 for IV. 
•  In the IV regression  it x ~ ,  it x ~ ∆ ,  1
~
− ∆ it x  and  1
~
− ∆ it y  are instrumented. The instrument set is lags 5 and 6 of  
it x ~ and  it y ~ , lags 2 and 3 of log of annual GDP inflation plus one, log of trade (sum of exports and imports) 
as a percentage of GDP, and log of government spending as a percentage of GDP. 





   48
DATA APPENDIX 
 
LIST OF COUNTRIES 
Argentina  Ecuador  Korea, Republic of  Rwanda 
Australia Egypt*  Luxemburg  Senegal 
Austria El  Salvador  Madagascar  Seychelles* 
Bangladesh Ethiopia*  Malawi  Singapore 
Belgium Finland  Malaysia  South  Africa 
Benin France  Mali*  Spain 
Bolivia Gambia*  Mauritania  Sri  Lanka 
Botswana* Ghana Mauritius  Sweden 
Brazil Greece  Mexico  Switzerland 
Burkina Faso  Guatemala Morocco  Syria* 
Burundi Guinea*  Mozambique*  Taiwan* 
Cameroon Guinea-Bissau*  Namibia*  Tanzania* 
Canada Guyana  Nepal*  Thailand 
Cape Verde*  Honduras  Netherlands  Togo 
Central African  Rep.  Hong Kong  Nicaragua Trinidad  and  Tobago 
Chad Iceland  Niger  Turkey* 
Chile India  Nigeria  Uganda* 
China Indonesia  Norway  United  Kingdom 
Colombia  Ireland  Pakistan  United States of America 
Comoros* Israel Panama*  Uruguay 
Congo, Republic of  Italy  Papua New Guinea  Venezuela* 
Costa Rica  Jamaica  Paraguay  Zambia 
Cote d’Ivoire  Japan  Peru  Zimbabwe 
Denmark Jordan*  Philippines   
Dominican Republic  Kenya  Romania*   
 





    Growth rate of 
output per worker
Investment share
 Mean  0.0167  15.24 
FULL Standard  Deviation  0.0613  9.24 
 First  Quartile -0.0087  7.93 
 Second  Quartile  0.0199  13.47 
 Third  Quartile  0.0478  21.61 
SAMPLE Min  -0.3990  0.50 
 Max  0.4421  52.88 
  Number of observations  3724  3822 
 
•  Data Source: Penn World Table 6.0 
•  The investment share is measured as total investment as a percentage of GDP. 
•  The sample covers the 1960-98 period. 
 